WHEN aldehydes are fed to animals, the -CHO group is either reduced to -CH20H or oxidized to -COOH. It can be stated broadly that those aldehydes undergoing biological reduction are aliphatic in nature, whilst those oxidized to the corresponding acid are aromatic.2 Examples of the former are chloral [Musculus & Mering, 1875; Mering, 1882] , butyl chloral [Mering, 1882] and bromal [Maraldi, 1903] . Besides these halogenated derivatives few other aliphatic aldehydes have been studied although Neubauer [1901] states that he could not detect conjugated glucuronic acid in the urine of dogs and rabbits after feeding isobutaldehyde, isovaleraldehyde and heptaldehyde; Cohn [1893] was also unable to detect any metabolic products after acetaldehyde and paraldehyde. These aldehydes probably undergo complete oxidation in vivo, since Boyland [1940] has recently stated that heptaldehyde appears to be completely oxidized in the rabbit, as he was unable to detect any of its possible metabolic products (heptyl alcohol, heptoic and pimelic acids) in the urine. Aromatic aldehydes without exception are oxidized to the corresponding acids, e.g. benzaldehyde, substituted benzaldehydes, thiophene aldehyde [Cohn, 1893] and p-nitrophenylacetaldehyde [Sherwin & Hynes, 1921] . Furfuraldehyde also behaves as an aromatic aldehyde, but, unlike the others, it forms in dogs and rabbits (but not in hens) small amounts of furfuracrylic acid which is excreted in conjugation with glycine [Jaffe & Cohn, 1887; 1888; Cohn, 1893] . The open chain terpene aldehyde, citral (geranial) has its -CHO group oxidized to -COOH in vivo [Kuhn et al. 1936 ], but the closely related aldehyde, citronellal, deserves special mention since it is cyclized in the rabbit, forming a menthoglycol, and it appears that ring formation takes place in the stomach under the influence of thq gastric HCI [Kuhn & Low, 1938] .
The metabolism of vanillin Vanillin (3-methoxy-4-hydroxybenzaldehyde) is a typical aromatic aldehyde as regards its fate in the animal body. It is widely used in the perfumery and confectionery trades and is considered to be responsible for a skin condition 1 Lady Scott-Moncrieff Research Scholar. 2 It is interesting to note in this connexion that there are found in animal tissues two enzymes acting on aldehydes, namely aldehyde mutase and aldehyde oxidase (Schardinger enzyme) . The former appears to have no action on aromatic aldehydes but causes the dismutation of aliphatic aldehydes, the -CHO group forming both a -CH20H and.a -COOH. The latter acts on both aliphatic and aromatic aldehydes and converts the -CHO group into -COOH [see Dixon, 19391 ( 1175) H. G. SAMMONS AND R. T. WILLIAMS sometimes found in those handling. it; it may also be the cause of vanillaism, a dermatosis affecting persons handling vanilla pods [see Schwartz & Tulipan, 1939; White, 1934] . The fate of vanillin in the animal body was first studied by Preusse [1880] who fed both vanillin and an alcoholic extract of vanilla pods to rabbits. He found both to increase the ethereal sulphate output and form vanillic acid which was mainly excreted free but some as an ethereal sulphate. Preusse also stated that a very small amount of vanillin was excreted unchanged. Cohn [1893] confirmed Preusse in showing that vanillin was oxidized to vanillic acid in vivo and later Marfori [1897] showed that isovanillin, methylvanillin (veratraldehyde) and protocatechuic aldehyde were similarly oxidized to the corresponding acids. VWhilst Preusse [1880] also demonstrated that urine after vanillin administration contained a laevorotatory substance, it was left to Kotake [1905] to isolate it (as a Ba salt) and show it to be the conjugated glucuronide of vanillic acid which he called glucurovanillic acid (cf. the glucoside, glucovanillic acid). As far as we are aware, no previous study of the fate of vanillic acid, as distinct from vanillin, has been carried out.
The results of the present work, which is an attempt to give a quantitative picture of the fate of vanillin and vanillic acid in the rabbit, are summarized in The excretion of glucurovanillin In previous work on the fate of vanilHin [Preusse, 1880; Cohn, 1893; Kotake, 1905] , the only metabolic products detected were free and conjugated vanillic acid. Preusse stated that a small amount of vanillin was excreted unchanged, but his evidence-the smell of vanillin-was inconclusive. In the present work, conjugated but not unchanged vanillin was found. The conjugated vanillin in which the aldehyde group survives unchanged, was only found in urines collected up to 5-6 hr. after the administration of vanillin; glucurovanillic acid was also being excreted during this time. The presence of the conjugated vanillin in the urine could be detected within an hour of feeding, even after comparatively small doses of vanillin (200 mg./kg.). After the first 5-6 hr., conjugated glucuronide was still being excreted, presumably glucurovanillic acid, but the excretion of conjugated vanillin ceased fairly abruptly (see Table l ).
On keeping urine containing conjugated vanillin, the amount of the latter diminished and fell to a small value after a week. Boiling the urine retarded the diminution slightly (see Table 4 ). This disappearance of conjugated vanillin on standing in urine is either due to bacterial action or to aerial oxidation, but not to any oxidizing enzyme being excreted simultaneously with the conjugated vanillin. We hope to investigate this point with vanillin and other aldehydes some time in the future. These observations were extended to other aromatic aldehydes, and it was found that those containing. an OH group para to the -CHO formed, in the rabbit, conjugated aldehydes which were excreted in the first 5-6 hr. after feeding. If the OH group was methylated, then none of the aldehyde group survived and an ester glucuronide was excreted thus givng urines which reduced Benedict's and Fehling's solutions (see Table 2 ). It [1895] ). The preparation and properties of these ester glucuronides will be the subject of a future communication. The detection of conjugated vanillin was made by means of a colour reaction which is described in the appendix to this paper. p-Hydroxy-and p-methoxybenzaldehydes were found to give an intense red colour with naphthoresorcinol and strong HCl in the cold, whilst the corresponding acids gave no colour under the same conditions. Vanillin, since it contains the p-hydroxybenzaldehyde grouping, also gave the test, and since, under the conditions of the test, i.e. using strong HCI, conjugated vanillin is hydrolysed, then urines containing it (as glucuronide or ethereal sulphate) give a deep red colour with naphthoresorcinol and HCI in the cold. This test will be referred to as the 'cold N.R. test' in this paper, but it must not be confused with the Tollens test for glucuronic acid which also uses naphthoresorcinol and HCI but requires heating.
The metabolism of vanillic acid
As in the case of vanillin, some 83 %°of the vanilic acid fed (1 g./kg.) could be accounted for (see Fig. 1 (15.8 %) . At present there appears to be no simple way of deciding whether the vanillic acid which is excreted in the free state has passed through the organism unconjugated, although it is possible that there may be an equilibrium between the conjugated and unconjugated forms. Unlike vanillin, vanillic acid undergoes some demethylation in the rabbit. We were not able to determine the extent of this demethylation, but consider it unlikely to be more than 5 % of the vanillic acid fed. Other work in this laboratory has shown also that veratric aldehyde (3:4-dimethoxybenzaldehyde) undergoes a double demethylation in the rabbit. Examples of demethylation of aromatic methoxyl groups have been given recently. by Stroud [1940] , namely, the cases of 4-methoxydiphenyl ether and 4:4'-dimethoxydiphenyl ether in the rabbit. The demethylation of vanillic acid may account for the slightly higher sulphate conjugation (11.3 %) of this acid compared with vanillin (8.1 %), since the product of the demethylation, protocatechuic acid, has two phenolic hydroxyls which may both conjugate with sulphate. Some of this protocatechuic acid is excreted in the free state, since 1178 VANILLIN AND VANILLIC ACID METABOLISM 1 urine, after feeding vanillic acid, gave an ifitense green colour with FeCl3 before hydrolysis. Preusse has shown that protocatechuic acid when fed to dogs is excreted partly unchanged, partly conjugated and partly decarboxylated to catechol. The possibility that vanillic acid might be decarboxylated had therefore to be considered, but we were unable to detect guaiacol in urine after vanillic acid.
The mechanism of the detoxication of vanillin and vanillic acid The fact that some of the vanillin (I) fed appears in the urine as conjugated vanillin (II) , and this only during the few hours immediately after feeding, may indicate that the first stage in the metabolism of vanillin is conjugation of the OH group and this appears to be a fairly quick reaction. The next stage would be the oxidation of the -CHO group with the formation of conjugated vanillic acid (III). The latter would, presumably, then be in equilibrium with free vanillic acid (IV) formed by hydrolysis of the conjugated form or possibly by direct oxidation of some of the vanillin: 
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Here again it is possible that conjugation of the OH would make the demethylation easier. It appears, however, that the demethylation must be a slow process, since in the case of vanillin it was not detected; this may be because of the extra steps involved in the preliminary formation of vanillic acid which would therefore not stay long enough in the body to suffer further oxidation. It should be noted in this connexion that during oxidations involving the benzene ring in the rabbit, p-oxidation rather than o-oxidation is the predominant process. Ortho-oxidation seems more characteristic of the dog and there are several examples to be found in the literature illustrating this species difference [see papers of Horn, 1936, 1, 2; 1937] .
The structure of glucurovanillic acid Kotake [1905] showed that the conjugated glucuronide present in rabbit urine following the administration of vanillin was composed of vanillic and glucuronic acids. The vailillic acid was combined with glucuronic acid through its phenolic group; the acid was dibasic since one molecule of the glucuronide was combined with one atom of Ba in the Ba salt. Hildebrandt [1906] showed that potassium glucurovanillate was hydrolysed by emulsin and was therefore a 3-glycoside.
Analysis of the Ba salt [Kotake, 1905] [Friedlander, 1915] [Williams, 1938] .
Free vanillic acid. The most satisfactory method found for the determination of vanillic acid was based on the fact that it possesses a methoxyl group. 10 ml.
urine mixed with 1 ml. 10 % H2S04 were extracted for 2 hr. with ether in a small continuous extractor. The extract was carefully evaporated to dryness to remove all traces of ether and the residue was then transferred in acetone to the reaction flask of a semi-micro Zeisel methoxyl apparatus. The acetone was now carefully 1 Melting points are uncorrected.
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boiled away and a methoxyl determination carried out on the residue in the usual manner. Control experiments showed that vanillic acid added to urine in the amounts likely to be encountered in these experiments could be estimated by this method with an error of not more than 5 %.
Total vanillic acid and vanillin (i.e. free + conjugated). 20 ml. urine and 4 ml. conc. HCI were gently boiled for 30 min. The mixture was cooled and made up to 25 ml. in a measuring flask. 10 ml. of this solution were now extracted continuously with ether and the procedure described above for the determination of free vanillic acid was then followed exactly. Control experiments showed that vanillic acid added to urine which was then boiled with conc. HC1 could be estimated with an error of not more than 5 %; vanillic acid was not demethylated under these conditions. Conjugated vanillin. 10 ml. urine were hydrolysed by boiling for 30 min. with 2 ml. conc. HCl. The hydrolysed urine was cooled and then extracted with ether for 2 hr. in a continuous extractor. The ether was evaporated, the residue dissolved in a little alcohol and then diluted rwith 20-30 ml. water. The solution was then treated with excess (20 ml.) of a 0 5 % alcoholic solution of 2:4-dinitrophenylhydrazine hydrochloride. After 30 min. the vanillin 2:4-dinitrophenylhydrazone was collected on a sintered glass filter, washed with dilute HCI and finally with water. The whole was dried at 1000 and the hydrazone weighed. % Conjugated vanillin in urine after standing a week 1-3 1-7
(6-1 in boiled urine)
7.3
Isolation of glucurovanillin-f-naphthylhydrazone Six rabbits were each fed with 2 g. of vanillin and the urine excreted during the following 5 hr. was collected. The urine (ca. 800 ml.) was filtered through cotton wool, made strongly acid with cone. HCI and mixed with 200 ml. alcohol containing 1 g. of f-naphthylhydrazine hydrochloride. The mixture was kept at 00 overnight, during which time glucurovanillin-f3-naphthylhydrazone crystallized as flat needles set in rosettes (yield, 2 g.). It was purified by dissolving in methyl alcohol, in which it formed an orange-red solution, and theii adding a few drops of water whereby the hydrazone crystallized. It formed pinkish flat needles, M.P. 179°and [a]2°°-78 9°(c=0 5 in methyl alcohol). (Found: C, 59 0; H, 5-6; N, 5-7; OMe, 6-7 %. C24H24O8N2,H20 reqjuires C, 59*3; H, 5-4; N, 5-8; OMe, 6-4 %.) It was very Sparingly soluble in water, slightly acid to wet litmus paper and, on heating with 2N HC1, a black intractable residue and a reducing solution smelling of vanillin were produced. It gave an intense naphthoresorcinol reaction for glucuronic acid, and on exposure to light, it gradually turned light brown in colour. In this colour change on exposure to light, it resembles vanillin P-naphthylhydrazone which, according to Rothenfusser [1907] turns from a flesh colour to red, an observation whiich we have confirmed.
Glucurovanillin 2:4-dinitropheny1hydrazone
Six rabbits were each given 2 g. of vanillin. The urine (960 ml.) was collected during the next 5 hr., acidified with HC1 and filtered. 2 g. of 2:4-dinitrophenylhydrazine, and sufficient sulphuric acid to convert it into the sulphate, were dissolved in 40 ml. alcohol and the solution was added to the urine. The mixture was kept 20 min. and then the red precipitate which had formed was filtered at the pump, washed with dilute H2SO4 and dried for 2 days in a desiccator (yield crude, 3-5 g.). The substance was now dissolved in hot dioxan and the solution was filtered to free it from a brown insoluble residue. Ligroin was added-to the filtrate to produce a faint turbidity and the precipitation of the hydrazone was completed on keeping in the refrigerator. The Experiments on the demethylation of vanillic acid 2 g. of vanillin or vanillic acid were fed to a rabbit, and a 2-day urine collected. The urine after vanillin gave no colour with FeCl3 and was nonreducing to Fehling's and Benedict's solutions. Urine after vanillic acid, however, gave a green colour with FeCl3, indicating the presence of a catechol derivative, but was non-reducing. In each case the urine-after filtration was hydrolysed by boiling for 30 min. with 1/5 vol. of conc. HCR . The urine was then extracted with ether in a large continuous extractor. Two extractions were made in each case, the first for 3 hr. whereby the main bulk of the ether-soluble material was extracted and the second for a further 18 hr. Appropriate controls were carried out on normal rabbit urine. A separate experiment showed that vanillic, acid was not demethylated by boiling with HC1 as used in the above experiments.
The results of some of these experiments are given in Table 5 . It can be seen from Table 5 that normal rabbit urine gives a faint catechol FeCl3 reaction. This was not invariably the case, since we have carried out several control extractions and in some cases the catechol reaction was not given. Preusse states that the catechol-like substances in herbivorous urine are derived from taniic acid and similar substances present in the plant material eaten. Attempts were also made to prove the presence of protocatechuic acid in the urine after vanillic acid, by treating the syrupy Qther extract (after removal of the vanillic acid by crystallization) with bromine in acetic acid. A small amount of crystalline material was obtained which was presumably 5-bromoprotocatechuic acid; the amount however was too small for identification so that although protocatechuic acid is probably present it must be considered unproven.
Experiments on the structure of glucurovanillic acid Preparation of the Ba salt. Rabbits were given 2 g. of vanillin and a 2-day urine was then collected. The normal lead acetate precipitate from the urine was discarded and the basic lead acetate precipitate collected and washed with water. The basic lead precipitate was made into a paste with water and solid barium sulphide was stirred, into the mixture until a positive reaction was obtained with sodium nitroprusside. The precipitate of PbS was removed and the solution concentrated in vacuo at 50°. The crude Ba salt was precipitated from the concentrated solution with 10 vol. of methylated spirit, centrifuged, washed with alcohol and then dried in a desiccator. The salt was purified by dissolving in water and precipitating with alcohol. An alternative method was 1-184 1 also used, in which the lead from the basic lead precipitate was removed by H2S and the resulting solution neutralized with BaCO3 for preparation of the Ba salt. The crude Ba salt, after two or-three precipitations from water by alcohol, had
[a]z)-18 to 200 (the pure salt has, according to Kotake [1905] , [oc] D-38' in *water) with a Ba content of 28-32 % (theory, 28-6 %). Several samples of the crude salt were prepared, but only the-description of the sample which was methylated need be given. 26 g. of this sample were obtained after feeding 20 g. of vanilliri. It was slightly reducing and contained about 30 % Ba glucurovanillate, 22 % Ba vanillate, 5 % Ba salt of glucurovanillin, 0-6 % ethereal sulphate (as S04) together with a large amount of Ba acetate and some glucuronate. The specific rotation of the crude salt was about -10' in water. Both acetic and vanillic acids could be extracted with ether from an acid-ified aqueous solution of the salt. Attempts to purify the salt by fractional precipitation from aqueous solution by alcohol were unsuccessful. The purest fraction obtained had [X]D-23' in water. Attempts-to prepare a pure Ba salt were therefore abandoned and the crude salt was methylated.
Methylation of the Ba salt. The crude salt (20 g.) was dissolved in water (100 ml.) and acetone added to slight turbidity. The solution was then treated with 50 ml. methyl sulphate and 120 ml. 30 % NaOH added dropwise during 1 hr. and the mixture stirred for 4 hr. at 350, finally at 750 for 1 hr. The resulting solution was then cooled in ice and 5NH2S04 was added until the reaction was just alkaline to litmus. The solution was filtered, the filtrate concentrated in vacuo to small bulk and remethylated with methyl sulphate and alkali as before. The solution was this time made slightly acid to Congo paper with 5N H2SO4 and treated with methylated spirit to precipitate Na2SO4. The latter was filtered off, the filtrate made faintly alkaline and evaporated in vacuo to small bulk. The residue was now acidified and exhaustively extracted with CHC13. The extract was dried over anhydrous Na2SO4 and then concentrated in vacuo to a syrup (6 g.). A small amount of acetic acid in the syrup was removed by dissolving in water and concentrating in vacuo. The syrupy product was now partially crystalline.
This product was taken up in water and on further dilution with water, a crystalline precipitate was formed and filtered off. This precipitate (2-1 g.) was recrystallized from hot water (needles) and identified as veratric acid, M.P. and mixed M.P. 1800. (Found: OMe, 33.9 %. CH1004 requires OMe, 34-1 %.)
The filtrate from the veratric acid was now concentrated to -a syrup (3-5 g.) and given five treatments with methyl iodide and silver oxide. The product was a partially crystalline syrup (3 g.) from which the crystalline material (0-86 g.) was separated by recrystallization from ether-light petroleum. These crystals were the methyl ester of 2:3: After removal of the crystalline material, the residual'solution was evaporated to a syrup (2 g.). It was distilled in a vacuum and two fractions were obtained. In the case of vanillic acid, 56 % was excreted as free vanillic acid and 27 % conjugated (11 % ethereal sulphate and 16 % conjugated glucuronide). A small amount, probably not more than 5 % was demethylated, producing probably protocatechuic acid.
The mechanism of the oxidation of vanillin and vanillic acid has been discussed and it is suggested that conjugation of these substances may be a necessary stage in their oxidation.
The bearing of these results on the theory of detoxication has also been discussed. APPENDIX A colour reaction for p-hydroxy-and p-methoxy-benzaldehydes Since aromatic aldehydes are usually oxidized in the animal body to the corresponding acids, it was important to find out easily whether this oxidation was complete as judged by the presence or absence of the aldehyde in the urine after its administration. The following colour reaction was found which distinguished between the aldehyde and the corresponding acid.
The test is carried out as follows. 
